Abstract The effect of heavy ion radiation exposure of the spinal cord on the properties of the motoneurons innervating the slow soleus and fast plantaris muscles was investigated. A 15-, 20-, 40-, 50-, or 70-Gy dose of carbon ions (5 Gy/min) was applied to the 2nd to the 6th lumbar segments of the spinal cord in rats. After a 1-month recovery period, the number and cell body size of the irradiated motoneurons innervating the soleus and plantaris muscles did not differ from that of the non-irradiated controls, irrespective of the dose received. However, the oxidative enzyme activity of these motoneurons was decreased by heavy ion radiation at doses of 40, 50, and 70 Gy compared to that of the non-irradiated controls. This decrease in oxidative enzyme activity levels in the motoneurons returned to that of the non-irradiated controls after a 6-month recovery period. We conclude that heavy ion radiation at doses of 40-70 Gy reversibly decreases the oxidative enzyme activity of motoneurons in the spinal cord of rats.
Introduction
The alpha and gamma motoneurons that innervate the skeletal muscles are located in the dorsolateral region of the ventral horn of the spinal cord [1] [2] [3] . Alpha motoneurons are relatively large and innervate the extrafusal fibers of skeletal muscles, whereas gamma motoneurons are relatively small and innervate the intrafusal fibers of muscle spindles [4, 5] . Alpha motoneurons are classified into slowand fast-types; slow-type alpha motoneurons have smaller cell body sizes and higher oxidative enzyme activity than fast-type alpha motoneurons [6, 7] . Slow-and fast-type alpha motoneurons presumably innervate high-oxidative slow-twitch (ST) and low-oxidative fast-twitch (FT) fibers in the skeletal muscles, respectively [8] .
Our previous studies [9] [10] [11] [12] revealed decreased oxidative enzyme activity in slow-type alpha motoneurons in the spinal cord of rats following a 14-day exposure to microgravity. We also observed decreased oxidative enzyme activity in sensory neurons (relatively large cells of groups Ia and II) in the dorsal root ganglion of rats following the 14-day exposure to microgravity [13] . In addition, after exposure to microgravity, ST fiber atrophy and a fiber type shift from ST to FT were observed in the skeletal muscles, especially the antigravity slow muscles [14] . Therefore, we concluded that slow-type alpha motoneurons and innervating ST fibers associated with antigravity functions are selectively influenced by exposure to microgravity.
Heavy ions are associated with high linear energy transfer (LET); high-LET radiation has been shown to have a greater affect on cells and tissues than low-LET radiation. The risks associated with the exposure of cells and tissues to heavy ions and microgravity have been generally established. However, no data are available on the effects of heavy ion radiation on motoneuron properties. It remains unknown whether there is a critical threshold of heavy ion radiation that is detrimental to motoneurons, which depends on the radiation dose and whether the biological effects of heavy ion radiation on alpha and gamma motoneurons and slow-and fast-type alpha motoneurons differ. In addition, no data are available on the recovery-associated changes in motoneuron properties following heavy ion radiation. We hypothesized that heavy ion radiation at higher doses would cause a greater reduction in the oxidative enzyme activity of motoneurons. Furthermore, we hypothesized that effects on the oxidative enzyme activity induced by heavy ion radiation would differ between different motoneuron types, e.g., alpha and gamma motoneurons or slow-and fast-type alpha motoneurons.
In the present study, the spinal cords of rats were irradiated with different doses of heavy ions, and the number, cell body size, and oxidative enzyme activity of the motoneurons that innervate the slow soleus and fast plantaris muscles were examined at 1 and 6 months after heavy ion radiation. We used charged particle (carbon) beams, which have greater biological effects on target cells, but cause less damage to neighboring tissues.
Experimental Procedure
All experimental procedures were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. This study was approved by the Institutional Animal Care and Use Committee of Kyoto University (Kyoto, Japan).
Experimental Animals and Heavy Ion Radiation
Eight-week-old male Wistar rats were subjected to a single dose of radiation with a carbon ion beam (290 MeV, 5 mm SOBP, LET = 130 keV/lm) using the Heavy Ion Medical Accelerator in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS), Japan. A 15-, 20-, 40-, 50-, or 70-Gy dose of carbon ions (5 Gy/min) was applied to the 2nd to 6th lumbar segments of the spinal cord without surgical treatment (n = 5 for each dose level). Five agematched rats served as controls. All rats were housed for 1 month after heavy ion radiation.
A 70-Gy dose of carbon ions was also applied to the spinal cord of a second group (n = 5) as described above; however, in this experiment, the rats were housed for 6 months after heavy ion radiation. Five age-matched rats served as controls.
All rats were maintained in a controlled environment with a 12:12 h light:dark cycle (light on from 0800 to 2000), and temperature and relative humidity were maintained at 22 ± 2°C and 45-55%, respectively. Food and water were provided ad libitum for all rats.
Injection of Fluorescent Neuronal Tracer
The rats were anesthetized with sodium pentobarbital (5 mg/100 g body weight), and the surgical procedures were performed under aseptic conditions. A 2% fluorescent neuronal tracer, nuclear yellow, which has been shown to be retrogradely transported from the skeletal muscle to the spinal cord, was injected using a microsyringe into multiple sites of the left soleus and right plantaris muscles [8, 15] . Care was taken to inject the neuronal tracer slowly, so as to prevent leakage. After injecting the neuronal tracer, the skin was sutured and the rats were allowed to recover from the anesthesia and surgery. The rats were sacrificed by administering an overdose of sodium pentobarbital 2 days after injection of the neuronal tracer.
Histochemical Analyses
The lumbosacral enlargement of the spinal cord was removed and frozen immediately in isopentane cooled in liquid nitrogen. Serial longitudinal sections (10-lm thick) of the lumbosacral enlargement were cut in a cryostat at -20°C. The motoneurons innervating the soleus and plantaris muscles were identified by the golden-yellow fluorescence of the nucleus imparted by nuclear yellow (Fig. 1a) . The motoneurons in the serial sections were identified and counted. These same sections that were used to identify the motoneurons were subsequently stained for succinate dehydrogenase (SDH) activity, a marker of mitochondrial oxidative capacity (Fig. 1b) [16, 17] . SDH activity was determined by incubating the sections in a medium containing 100 mM phosphate buffer, 0.9 mM 1-methoxyphenazine methylsulfate, 1.5 mM nitroblue tetrazolium, 5.6 mM ethylenediaminetetraacetic acid disodium salt, and 48 mM succinate disodium salt (pH 7.6) for 10 min. The reaction was stopped by multiple washes in distilled water. Sections were then dehydrated in a graded series of ethanol and passed through xylene before a cover slip was applied. The cross-sectional area and SDH activity of the identified motoneurons, in which the nucleus was visible, were measured using a computer-assisted image processing system (Neuroimaging System Inc., Kyoto, Japan). Sectional images were digitized as gray-scale images. Each pixel was quantified as 1 of 256 gray levels; a gray level of 0 was equivalent to 100% light transmission, whereas a gray level of 255 was equivalent to 0% light transmission. The mean optical density (OD) of all pixels (which were converted to gray-level values) within a motoneuron was determined using a calibration photographic tablet with 21 steps of gradient-density ranges and the corresponding diffused density values. The nucleus was excluded from OD measurements since it does not stain for SDH activity.
The cut-off for the distinction between alpha and gamma motoneurons was based on cell body size. There is a high probability that the smaller motoneurons (\451 lm 2 ) are gamma and the larger motoneurons are alpha [5, 7] .
Statistics
The mean and standard deviation were calculated from individual values using standard procedures. One-way analysis of variance (ANOVA) was used to evaluate significant differences among groups. When the differences were significant based on ANOVA analyses, further comparisons were made using Scheffé's post hoc tests. A probability (P) value of 0.05 was considered significant.
Results
The average number and cell body size of motoneurons innervating the soleus and plantaris muscles after 1 month of recovery from heavy ion radiation did not differ from that of the non-irradiated controls, irrespective of the dose received (Table 1) . Similarly, after a 1-month recovery period, the average oxidative enzyme activity of motoneurons innervating the soleus (Fig. 2) and plantaris (Figs. 3, 4) muscles irradiated with 15 and 20 Gy did not differ from that of the non-irradiated controls. In contrast, after a 1-month recovery period, the oxidative enzyme activity of the motoneurons innervating these muscles that were irradiated with 40, 50, and 70 Gy decreased compared to that of the non-irradiated controls.
At 6 months after a 70-Gy dose of heavy ion radiation, the average number and cell body size of motoneurons innervating the soleus and plantaris muscles did not differ from that of the non-irradiated controls (Table 1) . However, after a 6-month recovery period, the decreased oxidative enzyme activity of the motoneurons innervating these muscles that were irradiated with 70 Gy was restored to levels similar to that of the non-irradiated controls, (Figs. 3, 5) . Fig. 1 Spinal motoneurons innervating the rat plantaris muscle were retrogradely labeled by the fluorescent neuronal tracer, nuclear yellow (a). After identification of the motoneurons using nuclear yellow, these 4 motoneurons were stained for succinate dehydrogenase activity (b). WM white matter. Scale bar = 100 lm Table 1 Number and cell body size of motoneurons innervating the soleus and plantaris muscles in rats 
Discussion
Motoneurons innervating skeletal muscle fibers are distributed throughout the dorsolateral region of the ventral horn in the spinal cord, and exhibit wide variations in cell body size and oxidative enzyme activity [6] [7] [8] . There is an inverse relationship between cell body size and oxidative enzyme activity in motoneurons innervating a particular skeletal muscle; smaller motoneurons innervating the soleus, extensor digitorum longus, and tibialis anterior muscles in rats have higher oxidative enzyme activity than larger motoneurons [16, [18] [19] [20] [21] . The higher oxidative enzyme activity in smaller motoneurons corresponds well with higher densities of mitochondria [22] . In an alpha motoneuron population, slow-type motoneurons, presumably innervating high-oxidative fibers, have smaller cell body sizes and higher oxidative enzyme activity than fasttype motoneurons, presumably innervating low-oxidative fibers [6] [7] [8] . The higher oxidative enzyme activity in smaller motoneurons is appropriate for these more easily recruited motoneurons; smaller motoneurons are recruited before and more often than larger motoneurons and are more metabolically active. The higher oxidative enzyme activity in the smaller motoneurons in rats 1 month after heavy ion radiation at doses of 0 (Figs. 2a, 4a) , 15 (Figs. 2b, 4b ), and 20 (Figs. 2c, 4c) Gy and 6 months after heavy ion radiation at doses of 0 (Fig. 5a , c) and 70 (Fig. 5b, d ) Gy was consistent with our previous findings [16, [18] [19] [20] [21] .
The heavy ion beam used in the present study is a type of radiation that prevents damage to neighboring tissues, and thus enabled us to examine the biological effects of heavy ion radiation on a narrow and restricted region. Gamma ray and fast neutron beams are strongest near the surface of the body and are attenuated in the deep areas of the tissues. Therefore, when a deep region is treated with this type of radiation, cells and tissues between the surface and the target area are susceptible to damage. Deep regions beyond the target are also affected, which presents a difficulty when attempting to clarify the biological effects in a specific region without the mutual interaction with other regions. In contrast, the use of protons or charged particle beams reduces the damage to other cells and tissues by focusing the peak of the beam on the target location; the beam becomes markedly intense at a certain depth according to the energy applied, but is weak at shallower and deeper depths.
The purpose of the present study was to evaluate the heavy ion radiation-induced damage to motoneurons in the spinal cord by measuring the number, cell body size, and oxidative enzyme activity of the motoneurons innervating specific skeletal muscles, i.e., the slow soleus and fast plantaris muscles. We hypothesized that higher doses of heavy ion radiation would induce a greater reduction in the oxidative enzyme activity of motoneurons. However, we found a threshold at which biological effects occur; heavy ion radiation at doses higher than 40 Gy induced a marked decrease in the oxidative enzyme activity of motoneurons innervating the soleus (Fig. 2) and plantaris (Fig. 4) muscles. It is interesting to note that decreased oxidative enzyme activity was observed in all motoneurons, including the alpha and gamma motoneurons and the slow-and fast-type alpha motoneurons. Our previous studies [9] [10] [11] [12] [23] [24] [25] [26] showed that the oxidative enzyme activity of specific types of motoneurons is decreased or increased in a variety of conditions, such as exposure to hypobaric hypoxia, hyperbaric oxygen, and microgravity. Exposure to hypobaric hypoxia caused an increase in the oxidative enzyme activity of slow-type alpha motoneurons innervating high-oxidative fibers in the slow soleus and fast extensor digitorum longus muscles of rats [23, 24] . In contrast, exposure to microgravity caused a decrease in the oxidative enzyme activity of slow-type alpha motoneurons innervating high-oxidative fibers in the skeletal muscles of rats [9] [10] [11] [12] . Exposure to hyperbaric oxygen caused an increase in the oxidative enzyme activity of slow-and fast-type alpha, but not gamma, motoneurons that innervate the slow soleus and fast plantaris muscles of rats [25, 26] . These results suggest that certain types of motoneurons are specifically susceptible to heavy ion radiation. However, in the present study, heavy ion radiation at doses of 40-70 Gy reduced the oxidative enzyme activity of all motoneurons (Figs. 2, 4) . Heavy ion radiation at doses higher than 40 Gy affected the oxidative enzyme activity of all motoneurons, including alpha and gamma motoneurons and both slow-and fast-type alpha motoneurons, suggesting that the change induced by heavy ion radiation is not due to adaptation of motoneurons.
It has been suggested that the decrease in the oxidative enzyme activity of motoneurons can be restored if the changes are not due to apoptosis, and if the time period between irradiation and sacrifice is sufficient to allow recovery. Therefore, we examined the effects of 70 Gy of heavy ion radiation (the maximum dose used in the present study) on motoneuron properties after a 6-month recovery period. The decreased oxidative enzyme activity of the motoneurons innervating the soleus and plantaris muscles induced by heavy ion radiation was restored to normal levels after 6 months of recovery from heavy ion radiation (Fig. 5 ). This result indicates that the changes in motoneuron oxidative enzyme activity induced by heavy ion radiation are reversible.
In conclusion, we found a critical threshold for the heavy ion radiation dose that induces detrimental effects in the motoneurons of the spinal cord in rats; heavy ion radiation at doses higher than 40 Gy induces a reduction in the oxidative enzyme activity of motoneurons. Furthermore, we found that these changes in the oxidative enzyme activity of motoneurons induced by heavy ion radiation are reversible; the decreased oxidative enzyme activity of motoneurons was restored to normal levels after 6 months of recovery from heavy ion radiation. 
